Context. A number of high-precision time series have recently become available for many stars as a result of data from CoRoT, Kepler, and TESS. These data have been widely used to study stellar activity. Photometry provides information that is integrated over the stellar disk. Therefore, there are many degeneracies between spots and plages or sizes and contrasts. In addition, it is important to relate activity indicators, derived from photometric light curves, to other indicators (LogR' HK and radial velocities). Aims. Our aim is to understand how to relate photometric variability to physical parameters in order to help the interpretation of these observations. Methods. We used a large number of synthetic time series of brightness variations for old main sequence stars within the F6-K4 range. Simultaneously, we computed using consistent modeling for radial velocity, astrometry, and chromospheric emission. We analyzed these time series to study the effect of the star spectral type on brightness variability, the relationship between brightness variability and chromospheric emission, and the interpretation of brightness variability as a function of spot and plage properties. We then studied spot-dominated or plage-dominated regimes. Results. We find that within our range of activity levels, the brightness variability increases toward low-mass stars, as suggested by Kepler results. However, many elements can create an interpretation bias. Brightness variability roughly correlates to LogR' HK level. There is, however, a large dispersion in this relationship, mostly caused by spot contrast and inclination. It is also directly related to the number of structures, and we show that it can not be interpreted solely in terms of spot sizes. Finally, a detailed analysis of its relation with LogR' HK shows that in the activity range of old main-sequence stars, we can obtain both spot or plage dominated regimes, as was shown by observations in previous works. The same star can also be observed in both regimes depending on inclination. Furthermore, only strong correlations between chromospheric emission and brightness variability are significant. Conclusions. Our realistic time series proves to be extremely useful when interpreting observations and understanding their limitations, most notably in terms of activity interpretation. Inclination is crucial and affects many properties, such as amplitudes and the respective role of spots and plages.
Introduction
Although the Sun's activity is very well characterized, this is not so for the activity of other stars. Stellar activity is however ubiquitous and has been observed using many complementary techniques (e.g., Zeeman-Doppler imaging, brightness variability in various wavelength ranges, X-ray emission, and chromospheric emission). For instance, most measurements are based on the interpretation of disk-integrated observables for relatively old solar-type stars with low rotation rates. Interpreting the photometric variability in terms of the properties of spots and plages has been done in the past (e.g., Lanza et al. 2009; Mosser et al. 2009; Kipping 2012; Juvan et al. 2018) . However, it is difficult in the case of solar type stars with complex activity patterns (Lanza et al. 2007; Bonomo & Lanza 2008) . This occurs because of strong degeneracies in the structure properties between size and contrast, for example. Simulating realistic complex activity patterns in stars, and the resulting time series of observables, is therefore crucial when interpreting these observations and determining the limits of these interpretations. It is also useful to test analysis methods on time series in which Send offprint requests to: N. Meunier the parameters are controlled, such as when testing the rotation rate measurement (e.g., as done by McQuillan et al. 2013; Arkhypov et al. 2015; Reinhold et al. 2017) . This is particularly important since a wealth of highprecision photometry time series have recently become available. This was first the case with CoRoT and Kepler, and more recently with TESS for a very large number of stars. These data have been widely used to study stellar activity (e.g., Basri et al.
Models and main parameters
The model producing spots, plages, the magnetic network in a consistent way, and several observables (in particular radial velocity, photometry, and chromospheric emission) is described in detail in Borgniet et al. (2015) and in Paper I. At each time step, spots are injected with given properties (e.g., spatio-temporal distribution following the butterfly diagram and size distribution) after a prescribed activity cycle. A plage is then generated for each spot, assuming a certain distribution in size ratio. Both then follow a decay law and are submitted to large-scale dynamics (differential rotation and meridional circulation) and diffusion. A fraction of the remnants from the plage decay produces some network features. Several important parameters are adjusted to the spectral type and/or cover a range of values. For instance, the maximum average latitude at the beginning of the cycle θ max is not constrained for stars other than the Sun. Therefore, we study the effect of the following three values: the solar latitude θ max,⊙ , θ max,⊙ +10
• , and θ max,⊙ +20
• . Other important parameters are the rotation period P rot , the cycle period P cyc , and the cycle amplitude A cyc , which depend on the spectral type and on the average chromospheric activity level characterized by LogR' HK . For each of these three parameters, we consider a median law, a lower bound law, and an upper bound law to account for the observed dispersion among stars. Another parameter we study is the differential rotation, which is both T eff -dependent and P rotdependent. It also depends on the assumption made about the latitude range covered by activity. All other parameters are kept identical to our solar values in order to limit the number of parameters. In particular, the size distributions and the distribution of the plage-to-spot size ratio are similar in all simulations.
In Paper I, the activity levels were restricted to stars with an average LogR' HK below -4.5 for the most massive stars (F6) and below -4.85 for the less massive ones (K4). This corresponds to the plage-dominated stars of Lockwood et al. (2007) . The rotation rates have been deduced from activity-rotation re- lationships. They increase from a few days (F6 stars) to 30-70 days (K4). For example, G2 stars have a range of 15-32 days for G2 stars. Assuming the activity-rotation-age relationship of Mamajek & Hillenbrand (2008) , these values correspond to ages in the range of 0.5-3 Gyrs for the most massive stars and 4-10 Gyrs for the less massive ones. A contrast is attributed to each structure. We used two laws for the spot temperature contrast ∆Tspot: a lower bound, defined by the solar contrast (as in Borgniet et al. 2015) , and an upper bound law, depending on T eff from Berdyugina (2005) . We assumed real star spots have contrasts within this range. Subscripts 1 and 2 refer to these two laws. The plage contrast depends on B-V and also on the size and position of each structure. This has been computed for the HARPS wavelength range 378-691 nm in which a single contrast is used for the whole wavelength range, as provided by C. Norris (Norris 2018) . Since our main purpose is to use these time series in conjunction with RV simulations in Paper I, the brightness variations at a one day time step were generated by summing the brightness variations caused by spots (I spot ) and plages (I plage ) separately (in ppm). It is important to note that I plage also include network features. Additionally, the sum of I spot and I plage gives the total brightness variations, which is hereafter referred to as I tot .
We also generated a S-index, which was then converted into a LogR' HK (see Paper I for details), the filling factors covered by spots and plages, respectively, and the radial velocities. A total of 22842 time series were generated, corresponding to different sets of parameters. Each of these time series was produced for ten inclinations between edge-on and pole-on configurations.
Finally, many results presented in this paper concern the brightness short-term variability, which is routinely derived from observations in the literature. We therefore separated each time series into consecutive segments of 90 days (similar to Kepler quarters). For each segment, we eliminated points outside of the 5th -95th percentile range and computed the full amplitude covered by the remaining points (as done in e.g., Basri et al. 2011 ). This then gives the short-term variability R per . We also used the average over each time series (i.e., over all segments) of these values, <R per >.
Effect of B-V and LogR' HK on brightness variability
We first address the question of the trend of the variability as a function of spectral type. In this section, we consider the averaged short-term variability defined by <R per >, as explained in Sect. 2, and the individual values on each 90 day segment. Figure 1 shows the distribution of individual R per for all spectral types, for which there are 19 distributions. Values of R per obtained with ∆Tspot 2 are about twice as large as those for ∆Tspot 1 . Most values are below 4000 ppm for ∆Tspot 1 and below 8000 ppm for ∆Tspot 2 . However, we did observe a few larger values up to ∼8600 and ∼15700, respectively. The distributions are not Gaussian and exhibit a long tail toward large R per . We observed a low increase of the brightness variability toward lower T eff for both ∆Tspot laws. The trend is most likely due to the increase in activity level on average toward K stars in our grid (i.e., corresponding to a larger number of spots and plages). This is caused by the decreasing contrast toward lower mass stars, which would produce the opposite trend if dominating.
Trends in the Kepler observations
As mentioned in the Introduction (see reference there), the large number of stellar light curves obtained by Kepler have been widely studied with the purpose of characterizing stellar activity, in particular its short-term variability (defined by R per ) and the stellar rotation periods P rot . In this section, we illustrate the issues to take into account when comparing our predicted trend with the observed one.
Impact of the Kepler sampling
The first issue is that many stars in the Kepler data set lie outside our parameter range. In fact, only a small subset lies within our P rot range. It is important to note that this range varies with T eff . Figure 2 ( (from McQuillan et al., 2014) , R per , and fraction of missing stars vs. T eff . Upper panel: The two red curves indicate our lower and upper boundaries in P rot . The red dots indicate stars within this P rot range and green dots indicate stars within this P rot range and R per above 8000 ppm. Middle panel: Only stars within our P rot range for each spectral type are shown. The red (resp. green) points represent the median R per from our simulations vs. T eff , for ∆Tspot 1 (resp. ∆Tspot 2 ). The orange line is the median of the observed values within each bin. Lower panel: Only stars within our P rot range for each spectral type are shown.
is a small trend toward larger R per for lower T eff . This trend is weaker than in their original figure showing all stars. This occurs because there are a large number of low-mass fast-rotating stars in the global sample. For each T eff bin, the P rot selection impacts the distribution of R per values differently. Since there are a large number of fast-rotating stars for our lowest masses in the global sample, the average R per strongly decreases for those stars after the P rot selection. We have superposed the median R per derived from our simulations versus T eff for both ∆Tspot laws as a comparison. The initial result is that both trends are similar, thus the variability decreases toward higher mass stars. However, the trend is weaker for our simulations with lower R per values as well. There are also a few Kepler light curves that provide much higher R per than in our models (see Sect. 3.3).
Impact of biases in P rot determination
Another issue that makes this comparison more complicated is that there are very few stars with P rot above 40 days from observations (as seen in the upper panel). This leads to many missing points corresponding to low activity at first glance. Even though we modeled these stars, we expected a low R per . In addition to the table of reliable P rot used above, McQuillan et al. (2014) also provide a larger table (their table 2) with stars with unreliable P rot . We used both tables to estimate the percentage of missed stars in the sample of reliable P rot . This bias in observation is shown on the lower panel. Up to 70% of the low-mass stars are missing for our P rot range. This would be the opposite when considering all stars. Therefore, the observed trend is strongly biased. This may explain part of the difference we observed since poorly determined P rot could be due to low activity stars with a low R per , especially for low-mass stars. We note that the bias estimation itself has some uncertainties since unreliable P rot values are used to compute it.
Finally, we computed the amplitude of the autocorrelation function at P rot ,which is known in our simulations. However, it is important to note that it was beyond the scope of our paper to fully explore the temporal variability of the simulated time series and, in particular, the rotation rate.We found that the autocorrelation takes large values for the stars with the largest T eff in our grid. However, for late G and K stars, the autocorrelation function at P rot drops and even some negative values can be observed. This shows that P rot is indeed difficult or even impossible to measure for some of the stars in our activity range, at least on short time series such as the Kepler quarters. One reason for this is that as P rot increases, the lifetime of the structures becomes low compared to P rot and the coherence is lost. This is consistent with the bias discussed above.
These difficulties also impact important properties of the P rot distributions, such as the dearth of intermediate rotation periods (McQuillan et al. 2013; Davenport 2017) . This was discussed by Reinhold et al. (2019) , who showed that configurations, in which there is equilibrium between spots and plages, can lead to very unreliable or impossible to measure P rot . This may explain the dearth.
Impact of parameter distribution in the simulations
Finally, a third issue is that the distributions we have shown in Fig. 1 for our simulated R per correspond to all simulations in the grid. Each simulation counts as one across the grid of parameters. However, some values may be more likely to appear than others for some parameters. Additionally, the distribution in cycle amplitude is not necessarily homogeneous and the distribution in ∆Tspot versus T eff is unknown. Even though the trend obtained from simulations should be reliable since they show how parameters impact the variability, parameter distributions may also impact this trend as well.
Stars with a large R per
There are a few stars with very large R per in the observations that are still within our P rot range. This is difficult to reproduce in simulations. These are shown in green in the upper panel of Fig. 2 . We find that they can be classified in two categories of points. Firstly, points at relatively large masses (T eff >5500K) are very close to the lower bound in P rot and represent a very small number of stars (about 1-2%). Secondly, points at relatively low masses (T eff <5500K) are spread over the whole range in P rot and represent about 7% more stars. They are close to the lower boundary in P rot and rotate relatively quickly. An analysis of P rot versus R per from the data of McQuillan et al. (2014) shown in Fig. 3 , shows that the upper envelope decreases. Faster rotation leads to larger R per ; nevertheless, low R per are also possible for fast rotators. It is important to note that this envelope is quite flat for large R per . The points corresponding to the lowest P rot in our range lie there. Consequently, even a slight uncertainty in P rot would therefore easily put these stars outside of our R per range. It is not surprising to observe a few more active stars within our range of P rot with a larger R per than what is simulated.
When considering this particular selection of points with high activity level, we observed a trend in which P rot increased for the low-mass stars in our grid. This means that for a similar activity level, as defined by R per , low-mass stars have a larger P rot . This trend is consistent with the activity-rotation relationship in the literature (e.g., Noyes et al. 1984b; Saar & Brandenburg 1999; Mamajek & Hillenbrand 2008) , which was also used to build our synthetic time series (Sect. 2). In conclusion, the variability derived from our simulation exhibits similarities with observations. Nevertheless, comparisons must be made with caution since possible biases due to the sampling and parameter distributions can occur.
Relationship between R per and other activity
In this section, we establish relationships between R per and other activity indicators. We first consider its relation with the average and the rms LogR' HK . We then consider its relation with the long-term brightness variability and the RV variations. Figure 4 shows R per versus B-V, which illustrates the increase with rising B-V (Sect. 3), versus the average LogR' HK . The average R per shown on the first two lines of the figure, is strongly impacted by inclination. The short-term variability level is lower for pole-on configurations than for edge-on configurations by a factor of about two to three. This was already seen for the Sun (Borgniet et al. 2015) . This is caused by the rotational modulation which is much lower when inclination decreases. There is . Polynomial fits to R per vs. LogR' HK (left panels) for different inclinations and residuals (binned in LogR' HK ) after subtraction of polynomial fit (left panels), for ∆Tspot 1 (resp. ∆Tspot 2 ) shown as solid (resp. dashed) lines. F, G, and K stars are shown separately. The colorcoding corresponds to the inclination, from pole-on (i=0 • , yellow) to edge-on (i=90
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still a significant variability for pole-on configurations, which is probably due to the limited lifetime of the structures. On the other hand, the dispersion in R per which is defined as the rms of the array of the individual 90-day measurements, and computed for each time series. Each of these rms is representative of a long-term variability along the cycle. These rms do not depend as much on inclination. However, there is a definite trend, as seen before for the Sun (Knaack et al. 2001; Borgniet et al. 2015) . The standard deviation (hereafter rms) of R per increases with B-V. The ratio between this dispersion and the average is relatively flat with respect to B-V and LogR' HK . Many results on stellar activity over the past decades have been published based on LogR' HK (e.g., Noyes et al. A&A proofs: manuscript no. 35651fin_b 1984a; Baliunas et al. 1995; Radick et al. 1998; Gray et al. 2003 Gray et al. , 2006 Lockwood et al. 2007; Hall et al. 2009; Mittag et al. 2013; Hempelmann et al. 2016; Mittag et al. 2017; Radick et al. 2018) . It is a very widely used activity indicator to derive empirical laws (e.g., Mamajek & Hillenbrand 2008 , to study the age-activityrotation relation). However, over the last few years, an increasing number of results have been obtained using photometric data, in particular Kepler, using the short-term variability indicator R per (or equivalent measurements). These studies also lead to empirical relationships between R per and other variables (e.g., P rot and differential rotation). Therefore, it would be useful to clarify the relationship between the two for future reference. The two indicators do not trace the same information. The LogR' HK indicator represents the emission in plage and network with no degeneracy with spots, while R per is related to both spots and plages and has a strong degeneracy between the contributions of these two types of structures.
The relationship between R per and LogR' HK shown in Fig. 4 has a very large dispersion due to inclination. In addition, R per is also very sensitive to ∆Tspot, which is not the case for LogR' HK . For each inclination and ∆Tspot, we have fit R per versus LogR' HK using a polynomial function. The result is shown in Fig. 5 for F, G, and K stars, respectively. The possible range in ∆Tspot values we have considered typically introduces a factor of two on the variability. The full range of inclinations leads to a similar factor. The figure also shows the rms of the residuals after removing these fits, which cover a wide range. There is much overlap between different inclinations and ∆Tspot. For example, for G stars and LogR' HK ∼-4.8, high inclination R per and ∆Tspot 1 overlap with low inclination R per and ∆Tspot 2 .
We conclude that although R per and LogR' HK are related, their relative amplitude strongly varies, at least with spectral type, spot temperature, and inclination. Additionally, the correlation between the two indicators is poor. Therefore, it is important to be very careful when comparing laws from various sources, unless these factors can be taken into account. It may also be difficult to separate low inclination higher activity stars and high inclination, low activity stars from R per diagnosis.
Relationship between R per and LogR' HK variability
On the other hand, Fig. 6 shows that R per is slightly better related to the LogR' HK variability as compared to the average activity level. This is the case even though R per is a residual between spot and plage contributions, contrary to LogR' HK . The upper panels show that for a given inclination and ∆Tspot, there is a reasonable correlation between the two. The short-term variability in LogR' HK (lower panels) is also correlated with the average R per . The inclination effect then dominates the relationship. In that case, it is mostly due to both short-term variabilities, in R per and LogR' HK , that increase when going from pole-on to edge-on. This is due to the increase in the rotation-modulated signal.
Relationship between R per and long-term brightness variability
Although the short-term variability is easily characterized from Kepler data, for example, this is not the case for long-term variability. Here, we investigate how the short-term variability is related to the long-term variability as defined by the difference between maximum and minimum on each one year smoothed time series (∆I hereafter). Figure 7 shows the absolute value of ∆I versus the average R per . There is a large dispersion, which • and 30
• . Only one simulation out of five is plotted for clarity.
is mostly due to inclination but also ∆Tspot. For lower inclinations (yellow), the long-term amplitude is much larger compared to edge-on configuration for a similar R per level. The short term variability is twice as large for ∆Tspot 2 compared to ∆Tspot 1 (as seen in Sect. 3). On the other hand, the long-term variability is lower for ∆Tspot 2 at low inclinations and larger for ∆Tspot 2 at large inclinations. The two plots therefore differ qualitatively and the relation between short-term and long-term variability is complex for the type of stars we consider here. We now study, in more detail, the sign and amplitude of the long-term variability across our stellar grid for stars seen pole-on (i=0
• ) and edge-on (i=90
. A summary of the different configurations is shown in Table 1 . For ∆Tspot 1 , ∆I 0 is positive most of the time (i.e., larger flux at cycle maximum). In 90% of the cases, ∆I 90 has the same sign and both are then plage-dominated (see Sect. 6). This is in agreement with the results of Shapiro et al. (2014) for a solar-like activity pattern (i.e., an increase in variability at low inclination). For the remaining 10%, however, ∆I 90 is negative and leads to a reversal between the two. For ∆Tspot 2 , ∆I 90 is usually negative while ∆I 0 can be both negative or pos- • , yellow) to edge-on (i=90 • , blue), with light and dark orange corresponding to 20
itive, or shift more toward spot-dominated configurations. An illustration of two extreme cases is shown in Fig. 8 .
In conclusion, we observe large differences in amplitude between pole-on and edge-on brightness amplitudes. Oftentimes, there is a reversal in sign between the two inclinations. We will study the spot and plage regimes in more detail in Sect. 6.
Relationship between R per and RV variability
Another useful relationship is the relation between R per and the RV variability. Indeed, it would be interesting to be able to predict the RV variability from the brightness variability (e.g., in order to select the best targets for Kepler, TESS, or PLATO followups). Figure 9 shows the average relation between these variables individually for the 19 spectral types. We first considered the relationship with RV solely because of the spot and plage contrasts (upper panel of Fig. 9 ). Since it is superposed to other contributions, this is not an observable. However, it is useful for a better understanding as it is the RV component directly related to the photometric variability. We find that for a given spectral type the laws are relatively linear, but the slope strongly depends on spectral type. This is because contrast only plays a role for the brightness variations (brightness variations also depend on the size distribution and spatio-temporal distribution as the RV, which are the same for all spectral types here), while the RV also Notes. The offsets and slopes are given for all inclinations (averaged, corresponding to the plots of Fig. 7 ) or only for edge-on configurations (90 • ), for both spot contrasts. depends on P rot for example. This leads to a much lower slope for K4 stars compared to F6 stars.
The lower panels show the same plots. However, the RV jitter corresponding to the total RV signal have a binning over each spectral type and over inclinations. The RV signal includes spot+plage, convective blueshift inhibition, oscillation, granulation, and supergranulation. The last three are averaged over one hour and a 0.6 m/s instrumental noise. Again, there is a strong spectral type effect. The slopes and offsets are presented in Table 2 after averaging all inclinations (first columns). Inclination adds a systematic shift to these curves, as illustrated for G2 stars in Fig. 10 . Here, the slopes are not very different, but there is a clear offset between inclinations. The factor between the most extreme inclinations is in the range 1.5-2. Table 2 also shows the slope and offset for the edge-on configuration only. There is a strong spot temperature effect as well, because R per is very sensitive to this parameter. It is important to note that there are lower slopes when the contrast is larger. However, the RV variations, being the superposition of several components, are such that ∆Tspot does not have a major effect on RV. As a consequence the slopes strongly depend on the spot contrast. Finally, the relationships are not entirely linear, as low R per values have a lower slope. Nevertheless, there is a clear relationship between the short-term photometric variability R per and the RV jitter for very specific conditions, such as spectral type, inclination, spot contrast, and P rot . These relationships strongly depend on the type of stars and its properties, and cover a large range of slope values.
Spot sizes from brightness variability
The short-term brightness variability has been interpreted as an indication of star spot size (Giles et al. 2017) , from which an empirical law of spot size versus T eff was derived. The argument was the following: assuming a large spot size distribution for a given star, as for the Sun, there must be a dominating spot, and R per must then be representative of that particular spot size. This analysis does not take into account plages that also play a role, it is well known that R per is only a residual from the spot and plage contributions (see Sect. 6). Furthermore, sizes are strongly degenerated with the contrast. In addition, we show that the assumptions made are not valid here, at least for the stars within our range of activity levels (i.e., relatively low activity).
In our simulations, we always use the same solar spot size distribution. Therefore, the average number of spots for each simulation is fairly constant (mostly in the range 130-160 ppm), as shown in the lower panel of Fig. 11 . This does not prevent R per from being highly variable. The random generation of spots for a large amount of realizations also shows that dominating spots exist, but they are rare. In our case, there are less than a few percent of dominating spots on the assumption that they should represent more than half of the whole spot filling factor.
In addition, R per is strongly dependent on the spot number. In fact, it is the spot number that controls the variability and not the spot size here. It is also possible to obtain time series with a large maximum spot size but a low R per (middle panel). This is because there is a large dispersion in this relation in addition to the inclination effect. Therefore, it is important not to overestimate the importance of information from brightness variability. It is without a doubt also related to the spot size distribution in some way. However, there is a strong degeneracy with many other important properties, which are not constrained either. This is probably true as well for lifetime estimation using auto-correlations, although to a lesser extent. They are likely indicative of an active region lifetime altogether, but this is not based on individual features. Global RV jitter (m/s) Fig. 9 . RV jitter vs. R per (binned), for 19 spectral types (color code similar to Fig. 1 ), for ∆Tspot 1 (left) and ∆Tspot 2 (right). Upper panels: RV jitter due to spots and plages. Lower panels: Full RV jitter (activity, oscillation+granulation+supergranulation averaged over six hours, 0.6 m/s white noise).
Plage-dominated and spot-dominated regimes
It is very interesting to study the relative contributions of plages and spots on long-term brightness variations. We first present the context for the Sun, and describe how this property has been estimated for other stars in previous works. We apply these techniques to our simulations and check whether they truly correspond to spot-dominated or plage-dominated regimes.
Context
In the solar case, the long-term brightness variations are dominated by plages, whereas spots dominate on rotational timescales (e.g., Shapiro et al. 2016) . Their respective contributions to long-term photometric variations have been measured for a large sample of stars using the correlation between photometric variations and chromospheric emission (Radick et al. 1998; Lockwood et al. 2007; Radick et al. 2018 ), based on long-term monitoring in photometry and spectroscopy the Lowell Observatory. The chromospheric emission is related to the plage filling factor. They found that for very young and active stars, the Fig. 10 . RV jitter vs. R per for all G2 simulations, and different inclinations, for ∆Tspot 1 . The color-coding corresponds to the inclination, from pole-on (i=0
• , yellow) to edge-on (i=90 • , blue), with light and dark orange corresponding to 20
correlation is always negative, showing a dominant contribution of spots. For old stars, it is mostly positive (e.g., the Sun) and shows a dominant contribution of plages. However, there is also a significant number of stars with negative correlations. These older stars are of particular interest here since they correspond to our grid of parameters. The Vaughan-Preston gap Vaughan & Preston (1980) separates the two regimes. This has been confirmed by Reinhold et al. (2019) on a smaller sample of stars. However, a different approach was used to distinguish between the two regimes. A phase shift between the two time series was computed instead of indicating the correlation between the time series. We note that the eleven stars in Reinhold et al. (2019) that correspond to our grid parameters (i.e., less active than the Vaughan-Preston gap) show a plage-dominated regime in this paper, while those above the Vaughan-Preston gap are all spot-dominated. Our plage-dominated regime is in agreement with Lockwood et al. (2007) . These particular stars are all plagedominated in Lockwood et al. (2007) . There are only two exceptions of spot-dominated regimes in this earlier work: one of which has a low degree of significance and positive correlation with the data in Reinhold et al. 2019 . The other exception is that of a phase shift at an intermediate value between the two regimes. However, we note that while both Lockwood et al. (2007) and Radick et al. (1998) observed a large number of spotdominated stars for less active stars than the Vaughan-Preston gap (27-42%), Reinhold et al. (2019) observed none. It would be interesting to investigate whether this is due to the small subset of stars and their particular selection, or if the different approaches provides different results when the regime is uncertain (see Sect. 6.2.4). Radick et al. (1998) , Lockwood et al. (2007) , and Radick et al. (2018) also computed the slope of the brightness variation versus the chromospheric emission variation (from the S-index), which should provide similar information.
In this section we characterize the correlation between chromospheric emission and brightness time series, the slope, and other indicators from our simulated time series. The objective is three-fold: firstly, to check whether the correlations and slopes derived from our simulations are compatible with observations; Fig. 11 . R per vs. average (over time) spot number (upper panel), vs. maximum spot size (middle panel), and vs. average spot size (lower panel). The color-coding corresponds to the inclination, from pole-on (i=0
• . Only one simulation out of five is plotted for clarity. secondly, to study the parameter impact on the correlation to better understand what the spot-or plage-dominated regime means; and thirdly, to study the relation between these observables and the actual contributions of spots and plages to the brightness variation, which are not observables.
LogR' HK -I tot correlation and slope
In this section, we first study the behavior of the correlation and its relationship with R per . The effect of parameters is studied firstly with ∆Tspot and secondly with the other parameters in our simulation. Finally, we consider the slope, which is comple- mentary to the correlation, and the effect of seasonnal averages on the results.
Relation between the correlation and ∆Tspot
Our first approach was to compute the correlation C between the long-term variability of LogR' HK and I tot , either for ∆Tspot 1 or ∆Tspot 2 . For that purpose, the series are smoothed with a binning of one year, and the Pearson correlation C is computed. Figure 12 shows a typical example of the short-and longterm variability. C is the correlation between the two red curves (from the upper and lower panels, respectively), in this example C is positive and very close to one. Figure 13 compares the distribution of average R per values for simulations in which C >0.6 (i.e., strongly correlated and plage dominated) and for simulations in which C <-0.6 (i.e., strongly anti-correlated and spot dominated). The plots are not very sensitive to the threshold choice. We find that ∆Tspot 1 corresponds to the solar con- trast and we observed only correlated time series and no anticorrelated ones, as is observed for the Sun. On the other hand, for ∆Tspot 2 with larger contrast, both configurations are present. It is therefore in good agreement with observations (Radick et al. 1998; Lockwood et al. 2007; Radick et al. 2018 ), as they observed, both configurations are among old main-sequence solar type stars. Furthermore, the distributions in Fig. 13 show that anticorrelations, when present, are associated with larger R per with a threshold around 1000-2000 ppm. This is compatible with the results of Montet et al. (2017) who also found that the two configurations were present from the analysis of the Kepler light curves of solar type stars. We selected our simulations corresponding to their the B-V range. The distributions are on the right-hand side of Fig. 13 , which show that the two configurations have a similar separation in R per just as they obtained: We selected stars within our P rot range from their sample. We found that 36 stars are plage-dominated, with an average R per of 2503 ppm, and 163 stars are spot-dominated, with an average R per of 5900 ppm. If we assume that stars may have spot temperatures • . Lower panels: for an inclination of 90
• (edge-on).
within the range we have considered, then all these configurations should indeed be possible. Overall, for ∆Tspot 1 , 94% of the stars from the simulation have |C| larger than 0.5 while 82% have |C| larger than 0.8. The percentages are only 60% and 28% for ∆Tspot 2 .
Impact of the parameters on the correlation
We now investigate, in more detail, how the parameters impact the correlation in order to understand what could be at the origin of this mixed regime. We average C in bins of B-V and plot it for various selections of parameters. decreases when inclination increases. The average activity level seems to have a complex impact with a non-monotonous variation of C with LogR' HK . There is a strong impact on the spectral type, especially when going toward edge-on configurations. However, for ∆Tspot 2 , there is a reversal in C with inclination. The anti-correlated time series correspond to close to edge-on configuration, while the same stars viewed pole-on exhibit a positive correlation. Figure 15 summarizes the dependence on inclination with a binning in B-V. For ∆Tspot 1 , the reversal occurs only for K stars, otherwise there is no strong inclination effect. However, for ∆Tspot 2 , the reversal occurs at a higher inclination when the stellar temperature increases (i.e., there is a larger proportion of spot-dominated light curves). On average, the anticorrelation is present for all inclinations for the lower mass stars in our grid of parameters. The R per value is larger for larger inclinations and is thus stronger when it is spot-dominated. This effect was seen by Shapiro et al. (2014) for an extrapolation of solar time series to more active stars. Finally, we looked at the effect of other parameters. The value C is closer to one or negative one when the cycle ampli- The color-coding corresponds to the inclination, from pole-on (i=0
• , yellow) to edge-on (i=90
tude is large, while P cyc does not impact C. This is not illustrated here. The effect of the maximum latitude in the butterfly diagram (θ max ) is small in most cases, except for ∆Tspot 2 and low inclinations. In that case, when θ max increases from solar values, the correlation tends toward zero on average. The θ max value also has a small effect on ∆Tspot 1 and low inclinations, but to a lesser extent.
Slope properties
The slope S of I tot versus the S-index was also computed from observations (Radick et al. 1998; Lockwood et al. 2007; Radick et al. 2018) . We show the relationship between S and C from our simulations in Fig. 16 . The slopes have values that correspond well to the slopes obtained from observations, typically between -0.25 and 0.25. Most observations are between -0.05 and 0.2. A few stars with larger slopes were observed, but there are very few and it is not easy to estimate whether these stars have significantly different behavior or if it is within the uncertainties. A larger dispersion in observations could also be due to Fig. 17 . Correlation C 50 (upper panels) and S (lower panels) vs. C for ∆Tspot 1 (left) and ∆Tspot (right). The color-coding corresponds to the inclination, from pole-on (i=0
• . Only one simulation out of five is plotted for clarity. metallicity effects (Karoff et al. 2018 ), which are not taken into account here. The values C and S have the same sign, so they give the same information on the correlation regime.
Impact of the sampling on the correlation and slope
In previous sections, the correlations and slopes were computed from smoothed time series with a very good temporal sampling, which is an ideal case. We now test the impact of the sampling and yearly averaging on the correlation to mimic the observing conditions of Radick et al. (1998) . We assume a gap in observations of four months per year. For each year, we randomly selected either 30, 50, or 70 (N) points on the remaining dates, and then computed the average of the LogR' HK for each year, the total brightness, and S-index. We then recalculated these correlations (hereafter C N ) and the slope (S N ) from these seasonal time series. The objective was to compare them with a correlation and slope obtained with a very good temporal sampling (C as studied above). Figure 17 shows the results for N=50 (N=30 and 70 are similar, with a slightly larger dispersion for 30 and a slightly lower dispersion for 70). There is a good correlation between C and C N (Pearson correlation of 0.95), but also a large dispersion. When selecting points with C above 0.8, the dispersion de- Fig. 18 . Typical long-term brightness variation due to plages (orange line). The green curve is for spots, and the red curve represents the sum of the two. The two horizontal lines correspond to the average (used to compute R I ), while the vertical bars on the right side are the long-term amplitudes (used to compute R A ).
creases from 0.056 to 0.039 (for N from 30 to 70), indicating the improvement brought by the increasing N. The dispersion is slightly larger for C below -0.8 (from 0.10 to 0.08). However, in the range of C between -0.3 and 0.3, for example, the dispersion is on the order of 0.25. Therefore, these correlations are poorly determined and their sign is meaningless: Only strong correlations can be truly representative of the plage-or spot-dominated regime. The same is true for the slopes (lower panel of Fig. 17 ), which are not reliable for absolute values below 0.02-0.03, although the dispersion is lower than for C. We conclude that the correlations or slopes depend on the sampling. It is interesting to note that only the strong correlations or slopes are significant with a yearly averaging the temporal series and limited number of points.
Relation between C, actual plage, and spot intensity contribution
The correlation C and the slope S can be computed from observations, and are used as proxies to determine if plages or spots dominate the brightness variations. These individual contributions can not be extracted from observations because the brightness is the residual between the two contributions. However, we can use our large set of simulated configurations to check how these proxies relate to actual plage and spot brightness contributions. For that purpose, we define two criteria illustrated in Fig. 18 . Firstly, R A is the ratio between ∆I plage and ∆I spot , which are the amplitudes of I plage and I spot and relates to the contribution of spots and plages to the variability. It is important to note that after the amplitudes are smoothed, the long-term amplitude can be calculated, which is defined as the maximum minus the minimum for each time series), Secondly, R I is the ratio between the temporally averaged I plage (i.e., <I plage >, representative of the total flux corresponding to plages) and the temporally averaged I spot (i.e., <I spot >). This relates to the total amount of flux in spots and plages, respectively. It is not possible to directly observe R A and R I . The red curve in Fig. 18 is the one which is used together with LogR' HK in the previous section to estimate the correlation C. Figure 19 shows the relationship between C, R A , and R I . Both C (correlation between the photometric and chromospheric time series) and R A (signed ratio between the ∆I plage and ∆I spot ) Fig. 19 . R A vs. R I (upper panels), R I vs. C (middle panels), and R A vs. C (lower panels), for ∆Tspot 1 (left panel) and ∆Tspot 2 (right panel). The color-coding corresponds to the inclination, from pole-on (i=0
• . Only one simulation out of five is plotted for clarity. allow us to identify whether plages dominate the brightness variability or not. We therefore expect C to be positive when R A is larger than one, and negative when R A is lower than one. The same is true for R I if it is larger than one when plages provide a larger flux on average than spots. For many simulations, this is indeed the case as most points are either in the upper right corner or the lower left corner of each plot. For example, for the C 1 -R A1 relation, 97% of the points are in these quadrants for ∆Tspot 1 and 90% for ∆Tspot 2 .
However, two other major features can be seen. Firstly, there are a significant number of stars in quadrants where we would not expect them if C is indeed representative of the respective plage and spot contributions as described above. All scatter plots show this behavior. We concentrate on the C-R A relationship here, as R A is related to the variability. The upper left quadrant is usually not populated, but about 4% and 10% are in the lower right quadrants for ∆Tspot 1 and ∆Tspot 2 respectively. This is illustrated in quadrants A and B in Fig. 19 in which C is positive, which would correspond to plage-dominated. Additionally, R A is lower than one, which would correspond to spot-dominated. They are spread in spectral type, inclination, and activity level. The most extreme cases tend to correspond to low activity stars close to edge-on. These departures can occasionally be due to short-term effects caused by very large spot contribution, which is a rare. In any case, this dispersion adds to the uncertainties already discussed in the previous section and leads to the conclusion that correlation below 0.5-0.6 may not be representative of the actual sign.
Secondly, there is a strong inclination effect, for example large values of R I are seen only at low inclinations. The trend is similar for R A . Stars seen edge-on tend to have R A or R I closer to one than stars seen pole-on. Therefore, a star like the Sun will have specific behavior in terms of photometric variability (as proposed by Schatten 1993) as studied by Knaack et al. (2001) and Shapiro et al. (2014) , because the Sun tends to have a low photometric variability compared to its chromospheric amplitude and average activity level (e.g., Radick et al. 1998 ). Consequently, it is beyond the scope of this paper to study the solar case in detail. Unlike Knaack et al. (2001) or Shapiro et al. (2014) , who studied the wavelength effect on the photometry, the plage contrast used in our paper does not correspond to these solar observations (see also the discussions in Shapiro et al. 2015 Shapiro et al. , 2016 Radick et al. 2018) . However, it is interesting to point out that the relative difference we obtained between the long-term photometric amplitude for a star seen edge-on and the same star seen pole-on can be quite large. This strongly depends on ∆Tspot and can also vary significantly from one simulation to the other, as studied in Sect. 3.2.
Comparison with radial velocities
As seen in both observations and simulations, it is possible to find stars which are either spot-dominated or plage-dominated in brightness variation across our grid. Here, we compare the correlations for brightness (C) with the correlations between RV time series and LogR' HK . The time series RV are dominated in large part by the inhibition of convective blueshift in plages, and therefore by plages. Figure 20 shows the brightness correlations versus the RV correlations for the two ∆Tspot and different spectral types.
The two observables, photometry and RV, clearly behave differently. There is a large proportion of simulations with strong correlations, but while the RV correlation is always positive, the brightness correlation can have either sign. It is therefore possible to have a star that is plage-dominated in RV but spotdominated in its brightness variations. This is mainly observed for ∆Tspot 2 (see Sect. 5), but it is also possible for ∆Tspot 1 for K stars. This means that if the contribution of the convective blueshift inhibition is well removed for these configurations, then the residuals will probably be dominated by spots. It is also possible to have a star with a low RV-LogR' HK correlation but a strong I tot -LogR' HK correlation, especially for edge-on configurations. Inclination plays an important role. This is mostly seen for the I tot -LogR' HK correlations. However, it is present to a lesser extent for the RV-LogR' HK correlation and seen mostly for stars with a good I tot -LogR' HK correlation in the ∆Tspot 1 case. Fig. 20 . Global correlation between LogR' HK and I tot vs. correlation between RV and LogR' HK for F stars (upper panels), G stars (middle panels), and K stars (lower panels), for ∆Tspot 1 (left) and ∆Tspot 2 (right). The RV time series include activity, the signal due to oscillations, granulation, and supergranulation averaged over 1 hour and an instrumental white noise of 0.6 m/s. The color-coding corresponds to the inclination, from pole-on (i=0
• , brown to 60 • , and light and dark green to 70
Edge-on stars are those with the higher RV-LogR' HK correlation in all cases, but also those with the largest dispersion in the I totLogR' HK correlation distribution.
The notion of spot-dominated and plage-dominated regime is, therefore, strongly dependent on the observables.
Conclusion
The analysis of a large number of complex and realistic simulations of brightness and LogR' HK time series allowed us to make predictions on the variability for a large domain of stellar parameters and to provide some clues and limitations about the interpretation of observed stellar light curves. For old main-sequence stars, the short-term variability R per , which is computed over 90 days as in Kepler data and defined as the amplitude within the 5%-95% percentiles, is found to increase with decreasing T eff . This was observed by Kepler; however, with a lower level and a lower slope. Even if the trend is similar, the precise comparison with observations is difficult because of the biases in observations, the distribution of the parameters in our simulations is not known, and the necessity to compare similar samples. For example, the question is begged of whether there are more stars with a low spot contrast, larger spot contrast, and is this changes with T eff . It is also difficult to measure the rotation period of stars with low inclinations, and, therefore, low short-term variability. A low R per and unreliable P rot does not mean that the star is intrinsically quiet. A short lifetime compared to a long rotation period also prevents a good measurement due to the loss of coherence.
The value R per is correlated with LogR' HK , but with a very large dispersion preventing the formation of a very precise relationship between these two observables. In our simulations, this is mostly due to inclination and spot contrast. It is important to be very careful when comparing laws from various sources unless these effects can be mitigated by a better knowledge of the star. It may also be difficult to distinguish between low inclination high activity stars and high inclination low activity stars. The same is true for the relationship between the short-term variability R per and long-term variability, which have a strong dependence on inclination and spot contrast. This shows a complex pattern. We also found that the long-term brightness variations between edge-on and pole-on orientations presented a large diversity of situations. They often have the same sign with different signs of variations and ratios between amplitudes, which can be higher or lower than one. However, they can also have a different sign. This shows more complex behavior than the decrease of the long-term variability when inclination increases for a solarlike patter, as found by Shapiro et al. (2014) . Although there is a clear relationship between the short-term photometric variability R per and the RV jitter, this relationship strongly depends on the type of stars and its properties: spectral type, P rot , spot properties, and inclination. The dispersion is such that it would be unwise to use one simple law to then make all predictions. However, the range of possible values can be narrowed down if the spectral type, P rot , and inclination are well constrained. Nevertheless, the uncertainty due to the spot contrast will probably remain. The reconstruction of radial velocities from photometry as done in Aigrain et al. (2012) is therefore likely to be complex when the activity pattern is as complex as studied here.
The number of structures controls the variability in our simulations, illustrating the strong degeneracy between the size of structure, their contrast, and their number. This prevents any direct interpretation of the observed variability in terms of spot size for example.
We performed an extensive analysis of the correlation between the brightness variations and LogR' HK , which were both used as a proxy to determine whether a star brightness variation was dominated by plages or spots. We discovered that we were able to reproduce the observations by using a sufficiently large spot contrast, which is compatible with what we currently know A&A proofs: manuscript no. 35651fin_b of stellar spot temperatures. It is important to mention that the observations were mixed regime between spot-dominated and plage-dominated for old stars, spot dominated stars with a larger R per , and slope of brightness versus LogR' HK . Furthermore, the existence of the two regimes seems to be due to inclination, a parameter that is not intrinsic to the star. This is also related to the strong relation between apparent variability and inclination. Different dynamo models are, for example, not necessary to explain these observations. Shapiro et al. (2014) also found that a reversal in regime could be due to inclination when simply extending the solar pattern to much more active stars. In the present paper, we study this behavior in detail as a function of spectral type since the effect is more pronounced for K stars as compared to F stars. This dependence may explain the similar trend observed for the boundary between plage-dominated and spot-dominated stars by Radick et al. (1998) , Lockwood et al. (2007) , Radick et al. (2018) , and Reinhold et al. (2019) , as spotdominated regime are also reached at lower activity levels for lower mass stars. Witzke et al. (2018) also found a change in metallicity, which was not taken into account here. This then results in a change in plage contrast, which could also lead to different behaviors (spot-or plage-dominated depending on the star metallicity). The different behaviors play a role, similar to our dispersion in spot contrast, and both are probably at play. However, we find that inclination must play a strong role.
Furthermore, we checked whether this correlation, which is used as a proxy to determine if the long-term brightness variations are spot-or plage-dominated, actually corresponds to this assumption. We analyzed the amplitude of brightness variations due to plages and spots separately, in addition to their average level. Up to 10% of the simulations (for ∆Tspot 2 ) correspond to cases where the correlation is positive but the actual variability is dominated by spots. At these low levels of correlation, the correlation between the time series is sensitive to the occasional presence of large spots, even with the one year smoothing. In addition, correlations and slopes computed from seasonal averages based on a limited number of points exhibit a large dispersion. The result is that absolute correlations lower than 0.5-0.6, or slope within 0.02-0.03, do not have a reliable sign. Overall, the correlation between LogR' HK and the total long-term brightness variation is representative of the true plage-or spot-dominated regime only when it is large, in absolute value. This is because weak correlations may correspond to different situations and are also strongly impacted by a poor sampling.
Finally, we insist on the major role inclination plays on all the properties we have studied in this paper, such as R per , relation with LogR' HK , and plage-or spot-dominated regime. Inclination usually impacts the characteristics of these effects in conjunction with other geometrical effects, such as the coverage in latitude. Inclination is not intrinsic to the star, and, therefore, is not related to the dynamo at play for example. However, it is often overlooked when interpreting brightness variations. The notion of spot-dominated and plage-dominated regime is therefore strongly dependent on the observables and should not be used in a general manner.
